INTRODUCTION
Iron is a n essential redox component in a great number of enzymes and protein complexes and thus iron deficiency has a profound effect on the physiology of cyanobacteria and other organisms (for reviews, see : Straus, 1994; Ferreira & Straus, 1994; Carr & Mann, 1994) . It is well documented that in cyanobacteria Fe deficiency causes substantial changes in the ultrastructure of the thylakoid membranes, a decrease of Besides Fe, oxygenic photosynthetic organisms have an absolute requirement for manganese, an essential component in the water-oxidizing complex of photosystem I1 (PS 11). Although substantial information exists in the literature on how M n is incorporated into the wateroxidizing complex of PS I1 by a light-driven process (for review, see Debus, 1992) , very little information is available on Mn metabolism in the oxygenic photosynthetic cell. Bartsevich & Pakrasi (1995 , 1996 identified genes encoding an ABC transporter complex involved in Mn uptake in the cyanobacterium Synechocystis PCC 6803. However, it is unclear whether the transporter is located in the cytoplasm and/or the thylakoid membrane. Another problem that has also received little attention is related to the question of how the intrathylakoid space of a cyanobacterium is sufficiently supplied with Mn under conditions of Fe limitation. Under such conditions, elevated expression of Fe-binding proteins in the cytoplasm might lead to trapping of Mn in the cytoplasm, since practically all Febinding proteins characterized so far also bind Mn. Thus, a rather complex interrelationship must exist between Fe and Mn metabolism, especially in an oxygenic prokaryotic cell with no separate organelles. & Pistorius, 1992; Michel et af., 1996) we reported a protein called IdiA (iron-deficiency-induced protein A) that becomes expressed in greatly elevated levels in Synechococcus PCC 6301 and PCC 7942 under Fe deficiency and under M n deficiency. On the basis of the derived amino acid sequence, processed IdiA has a calculated molecular mass of 35009 Da that agrees well with the published apparent molecular mass of 34 kDa for the isolated protein. Biochemical fractionation procedures and immunocytochemical investigations provided evidence that IdiA is located intracellularly and mainly associated with the cytoplasmic side of thylakoid membranes (Michel et af., 1998) . The gene encoding IdiA in Synechococcus PCC 6301 was identified, sequenced and partially analysed. Subsequent construction of an IdiAfree Synechococcus PCC 7942 mutant revealed that in the absence of IdiA the cells could not tolerate mild Fe or Mn deficiency as wild-type cells could. Measurements of PS I1 and PS I activities in the IdiA-free mutant provided evidence that mainly PS I1 was damaged under nutrientdeficient conditions. Thus, IdiA is obviously a protein optimizing and/or protecting PS I1 under Fe and/or Mn deficiency in a direct or indirect fashion.
In previous publications (Michel
In this study, an extended characterization of idiA in Synechococcus PCC 6301 was performed and the DNA region surrounding idiA in Synechococcus PCC 6301 and PCC 7942 was analysed.
METHODS
Origin of cyanobacteria, growth conditions and French press treatment. Synechococcus sp. strain PCC 6301 (SAUG B1402-1) and Synechococcus sp. strain PCC 7942 were obtained from the Sammlung von Algenkulturen der Universitat Gottingen, Gottingen, Germany, and from the Pasteur Culture Collection of Cyanobacterial strains, Paris, France, respectively.
For regular growth conditions, cyanobacteria were grown in gas wash bottles containing 250 ml medium in a stream of 2 ' /'
(v/v) CO, in air (growth for 2 d, inoculum 60 pl cells).
Synechococcus PCC 6301 was grown at 30 "C in the medium of Kratz & Myers (1955) with slight modifications as described by Pistorius et a f . (1989) . Synechococcus PCC 7942 was grown in BGll medium (Rippka, 1988) at 30 "C. For growth under nutrient-deficient conditions, cells were grown for several cycles under regular growth conditions, then harvested and, after washing with distilled water, were subsequently transferred into medium from which Mn or Fe was omitted. Growth of both Synechococcus strains on agar plates was achieved in BGll medium containing 1 % (w/v) agar (bacteriological grade ; Gibco-BRL). Where indicated, antibiotics were added at the following concentrations (mg 1-l): kanamycin, 25; ampicillin (Ap), 10; spectinomycin (Sp), 25.
For preparation of French press extracts used for Western blotting experiments, Synechococcus cells were harvested by centrifugation, washed once with 10 mM sodium phosphate buffer, pH 7.0, and then resuspended in the same buffer to give a cell density of 100 pl cells ml-'. This cell suspension was passed twice through a pre-chilled French press at 137.9 MPa. Unbroken cells were removed by centrifugation at 4000 g for 5 min. French press extracts for PS I and PS I1 activity measurements were made in a buffer containing 50 mM HEPES/NaOH, pH 6*5,50 mM CaCl, and 400 mM sucrose.
Escherichia coli strains DH5amcr- (Grant et al., 1990) and SCSllO (Stratagene) were cultivated at 37 "C in LBG medium (Sambrook et al., 1989) and pKI ',L124 (Michel et al., 1996) were used as basic tools for genetic engineering. pKPM24 is a derivative of pSVB30 containing a 5.8 kb HindIII fragment of genomic Synechococcus I'CC 6301 DNA carrying idiA (Michel et af., 1996) .
Total DNA from Synechococcus PCC 7942 and from the corresponding mutants was isolated by the Sarkosyl method and purified by the phenol extraction procedure (William, 1988; S,imbrook et al., 1989) .
Cloning procedures, Southern blotting and other recombinant DNA techniques were done as described in Sambrook et al. (1989) . Sequencing of the pKPM24 insert was performed by constructing corresponding overlapping subclones using the Pharmaciii double-stranded Nested Deletion Kit and a Pharmacia AI-Fexpress DNA Sequencer. The nucleotide sequence of the 5.8 kb DNA fragment was determined by the dideoxy chain-termination method. The enzymes used in this study were piirchased from Boehringer Mannheim, Pharmacia, Amersh,irn and USB.
Computer analysis. Nucleic acid sequences were analysed using the Staden software package (Staden, 1986) . The deduced iimino acid sequences were analysed using two different programs : PC/GENE (IntelliGenetics Release 6.8, 1993) and X P I P (Staden, 1986) . Homology searches were done with the BLAST algorithm by Altschul et al. (1990) RNA u 'IS isolated from Synechococcus cultures at various growth phases using a modified hot-phenol method according to Reddy et af. (1990 (v/v) laurylsarcosine). The labelling reaction was done with the Random Primed DNA Labelling Kit (Boehringer Mannheim), according to the manufacturer's recommendation. Labelled fragments were cleaned by centrifugation through a Sephadex G25 column. Alternatively, the idiA PCR fragment was labelled with digoxigenin (DIG)-dUTP using the DIG DNA Labelling and Detection Kit (Boehringer Mannheim). RNA markers were from New England Biolabs.
The primer extension assay was carried out according to Katzen et al. (1996) . The annealing mix contained 10 pg RNA in a volume of 6 pl, 20 pmol Cy5' labelled primer (Pharmacia Biotech) in 1 p1 dimethyldicarbonate-treated double-distilled H,O, 2 pl 5 x annealing buffer (10 mM Tris/HCl, pH 7-9, 1.25 M KCI, 1 mM EDTA) and 1 p1 RNase inhibitor (1 unit pl-'; Pharmacia). The annealing reaction was carried out for 2 h at 37, 42 and 50 "C. For the extension reaction, 10 pl annealing mix, 23 pl PE mix (1 pl 1 M dithiothreitol and 6.5 p1 10 mM dNTP mix in 192.5 pl 20 m M Tris/HCl, pH 8.3, 10 mM MgCI,) and 1 p1 Superscript RNase H-reverse transcriptase (200 units pl-' ; Gibco-BRL) were incubated for 45 min at 37 "C. The products were pelleted by centrifugation for 15 min at 4 "C after precipitation by adding 300 pl ethanol and storing for 20 min at -70 "C. The resulting pellet was resuspended in 7-5 pl T E buffer (10 m M Tris/HCl, pH 7.5, 1 mM disodium EDTA) and 6 p1 stop solution from the AutoRead Sequencing Kit (Pharmacia). Straus (1988) with the corresponding plasmids for insertional gene inactivation. All blunt-ended DNA fragments needed for this purpose were made using T 4 DNA polymerase or Klenow enzyme (Boehringer Mannheim). Mutants K9 (VORFZ), K10 (VORF4) and K11 (VORF7) were constructed by transforming wild-type cells with pKPM227, pKPM229 and pKPM230 (all derivatives of pKPM24), respectively. pKPM227 was constructed by incorporation of a SmaI fragment from pHP45R (Fellay et af., 1987) , carrying a spectinomycin resistance cassette, into the blunt-ended single KpnI site of pKPM24 at position 1397. pKPM229 carries the SmaI fragment cloned into the blunt-ended single ApaI site of pKPM24 at position 3882. pKPM230 also contains the SmaI fragment cloned into the blunt-ended singular BstXI site of pKPM24 at position 5282. All other conditions were as described by Michel et al. (1996) .
Construction of mutants in

RESULTS AND DISCUSSION
Nucleotide sequence analysis of a 5.8 kb Hindlll chromosomal DNA fragment from Synechococcus PCC 6301 carrying idiA Plasmid pKPM24 (Michel et al., 1996) Sazuka & Ohara, 1996) and is preceded by a possible ribosome-binding site (Shine-Dalgarno sequence) beginning at position 833 (GGAG) (Sazuka & Ohara, 1996) . ORFl on pKPM24 is incomplete; the sequenced part encodes 269 aa. (Batut et al., 1989) . The greatest similarity between CysR and the regulatory proteins from enteric bacteria is in the helix-turn-helix motif which is directly involved in DNA binding (Brennan & Matthews, 1989) . ORF4 contains such a helix-turn-helix motif (A/G-X,-G-X,-I/V), has high similarity to CysR over the whole sequence and preferentially resembles NtcA in its helix-turn-helix motif (Vega-Palas et al., 1992; Frias et al., 1993; Wei et al., 1993; Bradley & Reddy, 1997) .
Thus, ORF4 might also be a DNA-binding protein (see below). The alignment of conserved sequences of this motif (A, G and I/V) is shown in Fig. 2 . In addition ORF4 possesses a motif of the type SPXX at the N terminus (residues 23-26 : SPTT). A similar motif is also found in CysR. Such a motif is common among transcriptional regulators of the helix-turn-helix type (Suzuki, 1989) . The variable residues are most often S, T , A, L or P and the motif never lies in the helixturn-helix domain.
No amino acid sequence significantly similar to the proteins encoded by ORF5 (4747-4187) or ORF6 (50044744) may havie a peroxide-consuming function when located on the qhromosome and that this activity may be a necessarb feature to handle the endogenous oxidative stresses associated with oxygenic photosynthesis.
Nucleotiide sequence analysis and extended homolo$y analysis of idiA Previou$y, we assumed that idiA encoded a protein of 330 aa yith a predicted molecular mass of 36167 Da (Michel et al., 1996) . Only 163 aa derived from the nucleoti e sequence were verified by protein sequencing.
On the t asis of N-terminal sequencing of the isolated
IdiA protein, it could be concluded that the mature IdiA is a processed protein consisting of 321 aa with a calculated molecular mass of 35 009 Da (processing between two alanine residues). The calculated molecular mass of the processed protein agrees quite well with the apparent molecular mass of 34 kDa determined by SDS-PAGE. Due to the processing of IdiA, an uncertainty remained concerning the translational start of idiA. K.-P. MICHEL a n d OTHERS which of the three ATG codons might be the actual initiator codon for idiA. Assuming that the first ATG is the initiator codon, then idiA would consist of 1101 bp (start codon ATG at 2121 and stop codon TAA at 3221), encoding a protein of 366 aa with a calculated molecular mass 40167 Da and an isoelectric point of 10-54. If one of the other two ATG codons is the correct start codon, then a protein of 39035 Da (PI 10.68) or 38601 Da (PI 10*74), respectively, would result. In the new numbering system, based on the longest possible IdiA protein, the processing site of IdiA lies between Ala-45 and Ala-46. This cleavage site corresponds to a cleavage site as described for slll725 from Synechocystis PCC 6803 by Sazuka & Ohara (1996) (Proteome Project, Cyano2Dbase). However, the removed peptide of 5158 Da does not possess the characteristic properties of a prokaryotic signal sequence according to the evaluation with PCGENE. Although the real translational start site of idiA remains uncertain, the presence of a possible assumed Shine-Dalgarno sequence at position 2104 (GGGG) would favour the first ATG codon in position 2121 as the most likely candidate. However, the GGGG sequence does not correspond to the three possible ribosome-binding sequences (GAGG, AGGA, GGAG) described for Synechocystis PCC 6803 by Sazuka & Ohara (1996) . There is a putative large hairpin of 35 bp (3243-3277), in close proximity to the stop codon of idiA, that may terminate transcription of idiA.
Besides showing homology to two bacterial Fe-binding proteins, SfuA from Serratia marcescens (Mietzner et al., 1987; Angerer et al., 1990) and FbpA from Neisseria sp. (Berish et al., 1990a, b) as previously reported (Michel et al., 1996) , IdiA also shows homology to two ORFs from Synechocystis PCC 6803 (CyanoBase). These are slrO.513 (52-02 % identity and 9-83 % conservative changes) and sir2295 (48.89 % identity and 11-39 YO conservative changes) encoding proteins of 38 155 Da (PI 5.74) and 39370 Da (PI 4-63), respectively. These two Synechocystis proteins have also been classified as Febinding proteins on the basis of their similarity to SfuA and FbpA.
Transcript and primer extension analysis of idiA script was greatly enhanced when cells were exposed to Fe deficiency. Only one transcript of about 1300 nt in length was detected, suggesting that idiA is transcribed monocistronically (Fig. 4) . The high level of idiA transcript continued for at least 48 h, but was significantly diminished after cells were exposed for more than 48 h to Fe-deficient growth. The results also show that synthesis of IdiA parallels synthesis of idiA-specific mRNA, indicating that synthesis of IdiA starts without delay when the idiA-specific mRNA level goes up (Fig.  3) . The high level of IdiA remains for at least 72 h growth under Fe deficiency (not shown), even though reduction of the idiA transcript was observed to have started after 48 h under the chosen growth conditions. Comparable results concerning IdiA expression at the transcriptional and translational level (not shown) and transcript size (Fig. 4) were also obtained with Synechococcus PCC 7942.
Primer extension analysis was undertaken to determine the transcriptional start and to possibly identify a promoter region upstream of idiA (Fig. 5 ) , 1994) . T h e sequence of the primers used was that of the non-coding strand. Four different primers (KPM2, KPM4, KPM.5 and KPM6; see Methods) complementary to sequences downstream from the assumed translational start codon for ZdiA were successfully used. T h e experiments gave evidence that the transcriptional start lies at position 1929. Thus, the transcriptional start lies 193 bp before the assumed (about 1300 nt for Synechococcus PCC 6301 and PCC 7942; Fig. 4 ). T h e DNA region upstream of the transcriptional start does not display nucleotide sequences similar to -10 or -35 promoter sequences of E. coli (Curtis & Martin, 1994) , nor to typical Fur-binding sequences (Straus, 1994) . However, there is evidence that a likely Fur-binding sequence might be present in the 5' untranslated region at position 1974-1992. translational start (assuming the longest possible proextension analysis and on the assumption that the transcription ends at the hairpin a t 3243-3277, the transcript of idiA from Synechococcus PCC 630 1 consists of 1349 nt and this value is in close agreement with the transcript size estimated from Northern blot analysis transformation, we utilized strain PCC 7942 for mutant studies, as in a previous paper (Michel et al., 1996) . T h e comparative restriction analysis of the respective DNA region in Synechococcus PCC 6301 and 7942 is presented in Fig. 6(b) , showing that on this basis no differences in this DKA region could be detected between these two Synechococcus strains.
For mutant studies, ORF2 (located immediately upstream of idiA), ORF4 (idil3 -located immediately downstream of idiA) and ORF7 (dpsA -located 2018 bp downstream of idiA) were interrupted by insertion of a spectinomycin resistance cassette (Fig. 621) . In all three cases the resistance cassette was in the same orientation as the corresponding gene. Transformation of Synechococcus PCC 7942 cells with the corresponding plasmids pKPM227, pKPM229 o r pKPM230 (see Methods and Fig. 6a 'i resulted in SpR and Aps transformants, implying that the desired double recombination event had occurred. This was verified by Southern analysis (Fig. 6b) Comp'irative analysis of the three Synechococcus mutants Mrith the wild-type showed that there was n o significant reduction in growth of the mutants in comparison to the wild-type when cells were grown for 48 h in Fe-sufficient or Fe-deficient medium, while the p rev i o u s 1 y constructed Id i A -free m u t a n t , S y n ec h o co ccus PCC 7942 I4 (Michel et al., 1996) , showed significant reduction in growth under the latter conditions (Table  1) . On (Fig. 7) . As expected, PS I1 activity in mutants K10 and K11 was lower than in wildtype cells but not as low as in the completely IdiA-free mutant 14. Absence of IdiB under Fe-deficient conditions led to a significantly higher reduction of chlorophyll, phycocyanin and allophycocyanin, and also to a reduction of PS I activity in addition to a reduction of PS I1 activity compared to wild-type cells. In contrast, the absence of DpsA led only to a minor deviation of chlorophyll and phycocyanin content in comparison to wild-type but caused a significant increase in the allophycocyanin content. Moreover, PS I activity remained very stable under Fe-deficient growth conditions. Obviously, in mutant K11 the large reduction of PS I1 activity under Fe deficiency, in part due to the reduced IdiA level, is compensated by alterations in the pigment content and by a process leading to stabilization of PS I ( Table 1) . As a consequence, this mutant can grow quite well under mild Fe deficiency in contrast to the completely IdiA-free mutant I4 with a greatly reduced pigment content under Fe deficiency.
Concluding remarks
Analysis of the DNA region close to idiA revealed that in the region downstream of idiA two genes (idiB and dpsA) are located whose gene products function either directly or indirectly in activating IdiA expression. A direct regulation of IdiA expression on transcriptional level due to binding of these two proteins to the promoter region of idiA seems likely since IdiB has similarity to DNA-binding proteins with a helixturn-helix and a SPXX motif, typical for this type of transcriptional factor (see Fig. 2 implies that regulation of IdiA expression is rather complex. Whether IdiA expression is additionally regulated by the Fur protein, shown to be also present in Synechococcus PCC 7942 (Ghassemian & Straus, 1996) , is presently unknown. A likely Fur-binding consensus sequence (see Straus, 1994) , with 11/19 nt similar to this sequence, lies in the 5' untranslated region of idiA (see also Vinnemeier et al., 1998) .
It should also be pointed out that although IdiB and DpsA are functional in activating IdiA expression, these presumed DNA-binding proteins seem to have a regulatory function, not only on IdiA expression but also on expression of other photosynthesis-related proteins. The phenotype of mutants K10 and K11 are similar with respect to the reduced IdiA expression under Fe deficiency leading to reduced PS I1 activity, but differ in pigment content and PS I activity (see above).
IdiA has homology to two bacterial Fe-binding proteins, SfuA and FbpA, that function as the periplasmic-binding protein component of a high-affinity transporter (ABC type) for Fe from human transferrin (Chen et al., 1993; Adhikari et al., 1996; Forng et al., 1997) . In contrast to these proteins, IdiA is located intracellularly, mainly associated with the cytoplasmic side of the thylakoid membrane (Michel et al., 1998 
